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A B S T R A C T

Timepix4 is the latest generation application-specific integrated circuit (ASIC) of the Medipix family, developed
by the Medipix4 Collaboration. A characterization of a Timepix4 assembly bump-bonded to a planar 300 μm
thick silicon pixelated sensor has been performed by using monochromatic X-rays at the Elettra synchrotron
facility (Trieste, Italy). In particular, a calibration of the ToT against the energy released in the Si detector has
been performed for each pixel, to optimize energy resolution. A preliminary analysis to estimate the detector
photon counting linearity and pixel readout dead time was also carried out.
1. Introduction

Timepix4 is the latest generation application-specific integrated
circuit (ASIC) of the Medipix family, developed by the Medipix4 Col-
laboration, and mainly targeted for single particle detection in hybrid
pixel detectors [1,2]. Several generations of chips have been devel-
oped by the Medipix collaborations since 1998, divided into ASICs
part of the Medipix and Timepix families [3]. These chips have been
widely used in several technologies based on imaging and particle
tracking, applied in fields including high energy physics experiments,
nuclear physics, medical and biology applications, and material science
applications [4,5]. A characterization of a Timepix4 assembly bump-
bonded to a 300 μm pixelated silicon sensor has been performed by
using monochromatic X-rays at the SYRMEP beamline of the Elettra
synchrotron facility [6].

2. Timepix4 ASIC and DAQ system

Timepix4 ASIC is built using 65 nm CMOS technology, and it
attains high spatial and temporal resolutions, thanks to a pixel pitch
of 55 μm and a Time-to-Digital Converter bin size of 195 ps. An energy
resolution of about 1 keV is provided by the Time-over-Threshold
(ToT) measurement. With around 230 thousand channels (448 × 512),
equipped with both analog and digital front-end electronics, the

∗ Corresponding author at: Department of Physics and Earth Science, University of Ferrara, via G. Saragat 1, 44122, Ferrara, Italy.
E-mail address: rbolzonella@fe.infn.it (R. Bolzonella).

Timepix4 ASIC stands out for its data-driven architecture, capable of
withstanding data rates up to a bandwidth of 160 Gb/s. A SPIDR4
SoC-based external electronics [7], which also serve as a flexible control
board for configuring the ASIC, ensures the management of this high
data rate. A custom DAQ software has been used.

3. Energy calibration

3.1. Measurements procedure

A pixel-by-pixel energy calibration is required to convert the ToT
signal into the deposited energy [8,9]. A series of flat field images have
been acquired by illuminating the Si sensor bonded to the Timepix4
with monochromatic X-rays at 18 energy levels between 8.5 and
40 keV. The Si sensor has been biased at 100 V. The detector was
scanned through the laminar beam at a velocity of 2 mm/s to obtain a
uniform irradiation. High statistic images were collected at each energy
level to limit statistical fluctuations, resulting in about 4000 hits/pixel
over the full detector matrix.

3.2. Energy against ToT calibration

3.2.1. X-rays based calibration analysis
The analysis, performed with a custom software developed by

INFN, consisted of filling a ToT histogram for each energy and pixel
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Table 1
Results of the energy calibration. For each nominal energy, the corresponding
peak ToT and 𝐹𝑊𝐻𝑀𝑇 𝑜𝑇 /ToT, as well as the peak energy and 𝐹𝑊𝐻𝑀𝐸/E
after the calibration procedure are reported.
Nominal energy (keV) 8.5 11 20 40

Peak ToT (ns) 352 480 911 1832
𝐹𝑊𝐻𝑀𝑇 𝑜𝑇 /ToT 0.44 0.38 0.32 0.29
Peak E (keV) 8.5 11.1 20.2 40.1
𝐹𝑊𝐻𝑀𝐸/E 0.17 0.15 0.10 0.06

and fitting its peak, corresponding to the full energy of the impinging
photons, with a Gaussian function. Only single pixel events have been
considered; more pixels clusters have been used only to validate the
calibration results, because their ToT sum would be the outcome of dif-
ferent pixel responses, resulting on a non-correct calibration. Moreover,
single pixel have been used to allow a comparison with testpulse based
calibration, as will be shown in Section 3.2.3. The resulting mean ToT
values and corresponding uncertainties were fitted as a function of the
nominal X-ray energy (𝐸) with the following calibration function [9]:

ToT = a ⋅ E + b − c
E − t (1)

where a, b, c, and t are the fit parameters. The hyperbolic term in (1)
is needed to account for deviation from linearity at low energies.

3.2.2. Testpulse based calibration
In addition to the analysis with monochromatic X-rays, a calibration

using the detector’s internally generated test pulses has been performed
in the range 4.7 to 50.7 keV. Test pulses inject a user-selectable
amount of charge which is readily converted to a nominal deposited
energy by considering that 3.6 eV is needed to produce one free
electron in silicon. This procedure is useful since, in general, a source
of tunable monoenergetic X-rays is not available in standard radiation
laboratories.

3.2.3. Calibrations comparison
Compared to the X-ray-based results, the test-pulse calibration

shows discrepancies which can be attributed to the uncertainty on
the test pulse input capacitance on each pixel. To compensate for
this difference a simple linear correction is applied to match the
two calibration on the linear regions (the low energy region changes
accordingly):

ToTTP = alin ⋅ ETP ⋅ g + blin + h (2)

where ToTTP and ETP are the measured ToT and nominal energy for
the test pulse calibration, alin and blin are the parameters of the X-ray
calibration based on a fit on the linear region of the ToT vs E plot,
and g and h are the correction factors. Interestingly, the pixel-by-pixel
distribution of the correction factor g, shown in Fig. 1, resembles the
power supply distribution across the matrix, showing this particular
shape due to the wire-bonding connection used to provide power to
the Timepix4. The correlation between the calibration and the power
supply is still under study. Conversely, h and the other calibration
parameters do not show any spatial correlation and are uniformly
distributed on the pixel matrix.

3.2.4. Merged calibration improvements
After the correction, test-pulse and X-ray data can be merged,

therefore extending the calibration range.
The results of the calibration at four energy levels are reported in

Table 1. Further details on the energy calibration can be found in [10].
The energies resulting from the corrected calibration are compat-

ible with the monochromatic energies. At low energies the energy is
expected to have a non-linear dependency on the ToT, due to threshold
effects. As expected, energy resolution improves, compared to ToT

resolution, due to the correction of different pixels response.

2 
Fig. 1. Distribution across the matrix of the parameter g, used to correct the slope
of the test pulse calibration based on the X-rays-based calibration. The distribution
follows the power supply distribution, with this particular shape due to the wire-
bond connections. The detector pixel size is 55 μm, and the overall chip sizes are
24.7 mm × 29.96 mm.

Fig. 2. Linearity plot at 11 keV evaluated over one of the three 5 × 5 pixel regions.
From the plot, the linearity range and the dead time were estimated.

4. Photon counting linearity and dead time

4.1. Counting response estimation

The detector photon counting linearity was assessed by exposing
the detector to increasing event rates, which were monitored through
an ionization chamber. To avoid saturating the readout fast links, only
three 5 × 5 pixel regions were activated during the measurement. Lin-
earity was measured at two energy levels, namely 11 keV, at absorbed
photon flux in the range 2.74×104÷1.73×108⋅107 hits ⋅mm−2 s−1, and 20
keV, at absorbed photon flux in the range 1.88×106 ÷3.24×107⋅107 hits
⋅mm−2s−1. Since the pixel behavior depends directly on the number of
measured hits, a clusterization of the events was not performed in this
section. From the plots in Fig. 2, the linearity range is estimated to be
up to 4⋅107 hits ⋅mm−2 s−1 at 11 keV (up to 3⋅107 hits ⋅mm−2 s−1 at 20
keV).

4.2. Readout dead time estimation

As high flux was available, linearity plots were also used to estimate
the pixels readout dead time by fitting both paralyzable and non-
paralyzable dead-time models [11]. At 11 keV: 𝜏𝑛𝑜𝑛 𝑝𝑎𝑟 = 745 ± 54 ns,
𝜏 = 544 ± 15 ns; at 20 keV: 𝜏 = 817 ± 67 ns, 𝜏 = 760 ± 56 ns.
𝑝𝑎𝑟 𝑛𝑜𝑛 𝑝𝑎𝑟 𝑝𝑎𝑟
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In the explored flux range, both the paralyzable and non-paralyzable
models fit the data correctly. A dependence of the pixels’ dead time on
the energy of the acquired photons and, consequently, on the ToT of
the input signals was observed.

5. Conclusions

This work proved that a ToT calibration based only on X-rays
measurements or only on testpulse can be improved by merging the
two methods to obtain better energy resolution performance.

Regarding the pixel readout dead time, further investigations will be
performed to study this dependence and to characterize dead time as a
function of different acquisition parameters, such as the Krummenacher
feedback current or the pixels front-end gain mode.
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